The specific targeting of either tumor cells or immune cells in vivo by carefully designed and appropriately surface-functionalized nanocarriers may become an effective therapeutic treatment for a variety of diseases. Carbohydrates, which are prominent biomolecules, have shown their outstanding ability in balancing the biocompatibility, stability, biodegradability, and functionality of nanocarriers. The recent applications of sugar (mono/oligosaccharides and/or polysaccharides) for the development of nanomedicines are summarized in this review, including the application of carbohydrates for the surface-functionalization of various nanocarriers and for the construction of the nanocarrier itself. Current problems and challenges are also addressed.
Introduction
Since Paul Ehrlich has coined the term the ''magic bullet'' for modern medicine in the beginning of the 20th century, the development of targeted drug delivery has received immense interdisciplinary attention, ranging from chemistry over biology to medicine. 1 In the last few decades, the idea has gradually evolved into the application of nanometer-sized vehicles for the delivery of drugs, due to their advantages including (i) protection of the payload from degradation in vivo, (ii) allowing specific targeting to the diseased tissue and thus (iii) reducing the risk of systemic toxicity, and, finally, (iv) the release of the drug, while the carrier is eliminated from the body without trace. All these properties have been realized partly in today's nanomedicine, however, have still not been accomplished completely. The innovative design and chemical functionalization of suitable nanocarriers is still challenging to finally generate ''magic bullets'', selective drug delivery systems, of the 21st century. The early-stage nanocarriers were mostly prepared from artificial polymeric [2] [3] [4] [5] or inorganic materials. 4, [6] [7] [8] [9] To increase their blood circulation times poly(ethylene glycol) (PEG) is often attached to their surface as the so called ''stealth layer'' decreasing protein adsorption. [4] [5] [6] 10 These nanocarriers suffered from several intrinsic drawbacks, especially regarding their biocompatibility and biodegradability. More recently, the research focus shifted to the use of natural materials for the fabrication of nanocarriers, which are inherently compatible with the metabolic system and have high potential for biological and biomimetic effects.
Together with lipids, proteins, and nucleic acids, carbohydrates (or saccharides) are one of the four major classes of biomolecules. The combination of several advantages of carbohydrates makes them unique candidates for application in nano-medicine:
(i) chemically well-defined structure (ii) biocompatible/biodegradable (ii) available on a large scale (iv) protein-repellent (v) highly water soluble (vi) no aggregation (vii) natural targeting agents In contrast to proteins and nucleic acids, when oligo/poly saccharides are formed through chain elongation and branching, the linkage points between sugar units are not restricted to constant positions. Regioisomers can be formed by elongating the sugar chain at different hydroxy groups, resulting in a significantly enhanced code capacity. While 20 amino acids yield 6.4 Â 10 7 hexapeptide isomers, the same amount of hexose repeating units in an oligosaccharide will result in 1.44 Â 10 15 different isomers.
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In addition, most of the carbohydrates are located on the outer surface of the cell, in the extracellular fluid and blood, 12 which is the biological environment for the intravenously injected nanomedicines. The molecular understanding of the peculiarities of carbohydrates will help to pave the road for the translation of ''sweet'' nano-medicines to the clinic. Besides their role in biological signaling, carbohydrates also have other biological functions, including energy storage, protection of cell organelles, 13 modification of the properties of peptides or proteins, 14 etc., which might grant the nano-medicine additional advanced properties. In addition, carbohydrates are responsible for cell/cell, and cell/ matrix communications and interactions in cellular organelles or multicellular organs. [15] [16] [17] Studying and utilizing the information from this natural ''glyco-code'' and exploiting the differences between healthy and malignant cells is a promising strategy for the diagnosis and treatment of cancer. 18 Besides the biological origin of oligo-and polysaccharides and their important role in biological communication, their inherent hydrophilicity makes them even more attractive for biomedical polymer science. They are currently discussed as potential biodegradable substitutes for PEG, to reduce unspecific protein adsorption. 19 It has been reported that hydroxyethyl starch (HES), [20] [21] [22] [23] [24] a synthetically modified starch derivative, dextrin [25] [26] [27] or other saccharides 28, 29 can reduce the protein adsorption on nanocarriers and prolong their circulation time in the blood stream similarly to PEG. This protein-repellent property, together with their active biological function to interact with certain proteins/cell surfaces, makes carbohydrates very promising elements for the construction of future therapeutics. Another feature making carbohydrates interesting for drug delivery is their biodegradability. This not only ensures the eventual body clearance of the materials, but is an additional handle to trigger drug release or activation by certain enzymes. [23] [24] [25] [26] [27] For HES, for example, degradation kinetics can be precisely adjusted by varying the degree of hydroxyethylation. 23, 24 In summary, the (i) biological activity, combined with (ii) the potential stealth properties, and (iii) the enzymatic stimulus makes carbohydrates interesting materials for the design of nanocarriers for biomedical applications. Both, surface-modification of preformed nanoparticles with carbohydrates or the direct construction of the nanocarriers from mono-, oligo-, or polysaccharides have attracted considerable attention during the last decade over the borders of single disciplines. There are some reviews concerning the use of polysaccharides in nanomedicine, such as an -at that time comprehensivearticle covering sugar-decorated nanoparticles from 2004. 21 More recent reviews cover peptide-and saccharide-conjugated dendrimers (from 2012), 30 and nanoparticles based on poly- synthetic methods. In 2013, a review disclosed comprehensively the application of carbohydrate functionalized nanoparticles as sensitive detection agents, inhibitors of bacterial adhesion, cancer vaccines in therapeutic systems, drug delivery agents, with focus on their imaging and detecting properties. 33 Two interesting reviews about glyco-nanoparticles have also been published in 2013; both focusing on inorganic nanoparticles, like carbon nanomaterials, metal nanoparticles, quantum dots (QDs), magnetic (MNPs) and silica nanoparticles (SNPs). Marradi et al. elaborately discussed the density and orientation of sugars and their influence on the multivalency of binding, 34 while Reichardt et al. summarized applications of glyco-nanoparticles in molecular imaging, biosensors for lectin/ glycan, new concepts for the affinity separation and analysis, and vaccine development, 35 all of which will not be the focus of the present review. A more recent review on glyco-nanoparticles was published in 2014, 36 which also focused on inorganic nanoparticles and their application for imaging and diagnostics. Herein, recent design strategies for carbohydrate-based nanocarriers will be reviewed: our article covers the surfacefunctionalization of nanoparticles as well as the full construction of nanocarriers from saccharides. In addition, both monomeric and oligo/polymeric carbohydrate-motifs are reviewed, as depicted in Scheme 1. The main focus of this review is to comprehensively present the advantages of carbohydrates as major components in drug delivery systems.
The review is structured as follows: the fundamental part will discuss the properties of carbohydrates for drug delivery, the chemical relations between different sugars, and how nature functionalizes proteins with saccharides to produce glycoproteins. The subsequent part will address the applications of carbohydrates for (i) the surface-functionalization of nanocarriers and (ii) the construction of nanocarriers. In the final part, the overall benefits gained from the application of carbohydrates are summarized and we give an outlook on potential future applications ( Fig. 1 gives an overview on the structural relations of carbohydrates, which are discussed herein).
Fundamentals

Recognition of saccharides by cell surface receptors and their use for targeting of specific cells
Cells of higher organisms are in constant communication and interaction with their environment. In order to survive and maintain the appropriate functions, external signals must be received by the cell-surface, and subsequently delivered into the cell's interior. 37 While much of this biological information is 40 which are membrane-bound receptors and assist during the process of endocytosis. 41 Through the binding with these receptors, many types of carbohydrates, including mono-, oligo-, and polysaccharides have been found to specifically bind to certain cell types. Mono/oligosaccharides like mannose derivatives exhibit strong binding to the C-type lectin DC-SIGN on the surface of dendritic cells, 42 C-type lectin receptors on alveolar macrophages, 43 and the plant lectin concanavalin A. 44 Galactose can also bind selectively to C-type lectin receptors on alveolar macrophages 43 and carbohydrate receptors on E. coli cells. 45 Lactobionic acid can bind to asialoglycoprotein receptors (ASGP-R) of hepatic tumor cells. 46 For rhamnose, a specific targeting effect to human skin cells was demonstrated. 47 Polysaccharides like hyaluronic acid or chitosan have been found to specifically bind to ocular mucosa. [48] [49] [50] Functionalized dextran has proven to specifically target vascular smooth muscle cells 51 and human endothelial cells. 52 Many cellular events are regulated by these sugar codes, including cell adhesion, proliferation, and cell death. [53] [54] [55] [56] Cancer still is one of the most prevalent deadly diseases worldwide and constitutes one of the two major causes of death in industrialized countries. While the complete eradication of malignant tumor is severely complicated by a tendency to form metastases, all malignant cells have special biological signatures which distinguish them from their healthy counterparts.
Carbohydrates, in particular glycoconjugates, play an essential role in cancer metastasis and communication, through the interaction with endogenous lectins present on the cancer cells. [57] [58] [59] open up possibilities to specifically target cancer cells by an appropriate carbohydrate functionalization of nanocarriers.
Protein repellent properties of carbohydrates
When a nanocarrier enters a biology fluid, e.g. by intravenous injection into the bloodstream, it will adsorb proteins on its surface, due to hydrophobic interactions and the high surface energy of most types of nanocarriers. 75, 76 This process, known as opsonization, can lead to phagocytosis of the nanocarrier by the Mononuclear phagocyte system (MPS). The adsorbed proteins will determine the fate of the nanocarrier in vivo (this process is often called the formation of a ''biological identity''), 75 typically resulting in the fast clearance of the nanocarriers from the blood. This makes any in vivo specific targeting a challenging task. 75 In order to prolong the in vivo plasma half-life times of the nanocarriers, the opsonization needs to be reduced, either by the material of the nanocarrier itself, or by surface modification (dressing of the nanocarriers). Currently, PEGylation is the ''gold standard'' to achieve long blood circulation times and reduced unspecific cellular uptake due to the hydrophilicity and the steric repulsion by PEG-modified surfaces and proteins. 19 PEGylation has achieved numerous successes in the past decades, and many PEG-related products both in consumer care and biomedical applications have improved the quality of life. 19, 77 In spite of these achievements, recent studies reported several drawbacks of PEG. The occurrence of renal tubular vacuolization in animal models has raised concerns that a prolonged therapy with PEGylated drugs may lead to an accumulation of PEG in the cytoplasm of kidney cells as the polymer is not biodegradable. 78, 79 In addition, PEG potentially forms toxic degradation products upon storage which could provoke adverse effects. 19 These setbacks of PEG could be circumvented by using polysaccharides as substitutes which often show low hypersensitivity even after chemical functionalization. 80 The structural similarity of many polysaccharides, for example HES or dextran, to the sugar component of glycogen, which is the form for the storage of sugar in animals, is a probable explanation why they lack immunogenicity. Moreover, the biodegradability of polysaccharides is advantageous over many other synthetic polymers that are currently discussed as alternatives for PEG. 81 Not only the post-injection clearance of the nanocarriers is enhanced by its biodegradability, but also enzymatic induced masking-unmasking or encapsulation-release cascades of the payload are possible. [23] [24] [25] [26] [27] 44 However, care has to be taken depending on the chemical modification, e.g. anchoring or polymerizable groups that may alter both the degradation process and the cytotoxicity of the carbohydrates. Numerous studies have already proven that polysaccharide or their derivatives like HES [20] [21] [22] 82 or dextran exhibit a low protein affinity. 28, 29 Furthermore, the microbial polysaccharide pullulan, glycolipids, and dextran have shown their ability to decrease the uptake of nanocarriers into the MPS, 83, 84 while HES has been proven to suppress the unspecific uptake of the nanocarriers in vitro, 85 and prolong the plasma halftime in vivo, the process of its attachment being called HESylation.
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While several mono-or oligosaccharides are responsible for the communication of biological information in the organism, some of them are capable of impeding the phagocytosis of native cells by the MPS. Sialic acid is one example of these saccharides and red blood cells without surface sialic acid are immediately removed from the blood by the MPS. 86 It has been proven that when sialic acid is coupled to the surface of quantum dots, the in vivo plasma half-life time of the latter is prolonged. 87 
Glycoproteins: how nature uses carbohydrates
In nature, glycoproteins, i.e. glycosylated polypeptides, are of high importance and function as hormones, 88 antibodies, 89 antifreeze proteins, 90 and proteins in the cell membrane. 14 After glycosylation, the attached (oligo)saccharides provide additional properties for the protein, such as facilitating the protein folding and stabilizing the conformation of the peptidic backbone, 91 protection, 92 elongation of the in vivo plasma half-life, 93 communication with the immune system, 94 and adhesion to cognate receptors on other cell surfaces. 95, 96 Inspired by these natural strategies, various researchers have prepared neoglycoproteins for diverse applications. Pharmacologically active peptides have been used for the treatment of various diseases. 77, 97 A major drawback, however, is their usually rapid degradation in vivo. To optimize the pharmacokinetic properties of such drugs, artificial polymers are frequently coupled to their surface. Typically PEG is used for this purpose but in modern literature, an increasing percentage of biodegradable biopolymers are coupled to proteins to optimize their therapeutic performance. For example, hyaluronan-functionalized insulin showed a prolonged and enhanced hypoglycemic effect, demonstrating the potential of hyaluronan in increasing the plasma half-life of peptides. 98 Anakinra, a synthetically generated interleukin-1 antagonist, is used for the treatment of rheumatic arthritis, but has a plasma halftime of only 108 min; after conjugation with HES its blood circulation time was increased by a factor of 6.5. 99 Dextrin, a glucose polymer with a molecular weight of 7700 and 47 200 g mol À1 and a degree of succinoylation of 9-32 mol% was used to functionalize trypsin (a serine protease) and thus masking its activity. The activity of the enzyme can be restored after the degradation of the polysaccharide by a-amylase. [25] [26] [27] Also hyaluronic acid was used for the functionalization of trypsin, resulting in an increase of its activity to 145% over the native protein, while exhibiting a 52% higher stability in the presence of elastase (a protease). 100 Although these studies are beyond the scope of this review, the idea of mimicking nature to utilize the advantageous properties of different sugars is identical.
Carbohydrate-functionalized nanocarriers
Being a C-2-epimer of glucose, mannose is an important monosaccharide for the glycosylation of proteins. Mannosecontaining glycoproteins are produced in the liver and secreted into the blood, hence mannose is distributed throughout
This journal is © The Royal Society of Chemistry 2015 the body. 101 Many mannose-binding proteins, like the C-type lectins, are crucial for cell-surface recognition and other communication events. 102 Recently, mannose has been applied to functionalize mesoporous silica nanoparticles, 44 magnetic nanoparticles, 18 gold nanoparticles, 42 and polyanhydride nanoparticles 43 ( Table 1 , entry 1) to specifically target cells; distinct biological functionalities have been achieved in each case. When thiol-functionalized mannose is reacted with alkenylterminated silanes in a radical thiol-ene addition (Table 1 , entry 1a), surface functionalization of mesoporous silica nanoparticles can be achieved, whose pores can be sealed by adding concanavalin A, a carbohydrate-binding protein, to the dispersion. The pores can be re-opened under acidic conditions (pH o 5.5) or in a glucose-rich environment. The release of the payload in the tumor tissue, where the pH value is typically lower than that in healthy tissue, or under high blood sugar level is thus possible. 44 In another work, mannose-functionalized silica nanoparticles have been prepared, which showed specific binding to MCF-7 human breast cancer cells. 103 Carboxylated derivatives of mannose (Table 1 , entry 1b), galactose ( Table 1 , entry 2a), fucose ( Table 1 , entry 3), and sialic acid ( Table 1 , entry 4a) have been coupled to amino-functionalized magnetic nanoparticles via an amide linkage. When these nanoparticles were incubated with different malignant and non-malignant cells and investigated via magnetic resonance imaging, it was shown that the malignant cells can be differentiated by the changes in T 2 relaxation time (% DT 2 ), 18 as shown in Fig. 2 . Similar work was conducted using sialic acid-functionalized magnetic nanoparticles to detect the levels of b-amyloid, which is a pathological hallmark of Alzheimer's disease, both in vitro and ex vivo.
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Different (oligo)mannosides have also been functionalized with thiols and coupled to gold nanoparticles. 42 The obtained glycosylated gold nanoparticles show stronger binding to DC-SIGN (a C-type lectin) on the surface of dendritic cells compared to gp120, which is a protein essential for the entry of HI virus into cells, and thus could serve as a potential carbohydrate-based drug against HIV (Table 1 , entry 1c). Similar glycosylated gold nanoparticles have also been prepared in another work and were observed to cross the blood-brain barrier (BBB) nearly 3-fold faster/more efficiently than unmodified gold nanoparticles. 105 Both, a-1,2-linked dimannose (Table 1 , entry 1d) and galactose have been coupled to polyanhydride nanoparticles through an amidation reaction via 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) as the coupling agent. The obtained mannose surface-functionalized particles, which were termed ''pathogen-like'' nanocarriers, exhibited specific binding to alveolar macrophages through the surface C-type lectin and enhanced the expression of the macrophage mannose receptor. 43 It is the concern of some recent publications that the protein adsorption after contact with blood will hamper all specific targeting of nanocarriers due to the shielding of targeting groups, which might reduce the efficiency of ''targeted'' drug delivery systems remarkably. [106] [107] [108] [109] [110] [111] [112] [113] A current challenge is to understand the interaction of blood proteins with nanocarriers which carry additional targeting groups. The adsorption of plasma proteins onto the targeting agent could hinder the recognition of the targeting agent by the respective cells and hence could make any in vivo targeting impossible. 75 The interactions of mannosefunctionalized nanocarriers with plasma proteins have been studied to address this problem. It turned out that, in comparison with a PEGylated nano-carrier, additional functionalization of the PEGylated nanocarrier with mannose did not significantly change its protein corona formation. Furthermore, these mannose functionalized nanocarriers showed the same binding affinity to dendritic cells (DCs) both in the presence and absence of the plasma protein corona. 114 Galactose is the C-4 epimer of glucose and is for example essential for the antigen structure of red blood cells which is the determinant of the blood type. For O and A antigens, two galactose units are contained in the saccharide portion while for the B antigen, three galactose units are contained. 115 Galactose functionalized with an azide group at the C1-position, was coupled to pillar [5] arene by a Huisgen-type cycloaddition, while the latter is self-assembled into nanorods (Table 1 , entry 2c), which have proven to show a high affinity for the carbohydrate receptors on E. coli as well as low toxicity, and can be utilized as excellent cell glues to agglutinate these bacteria. 45 In another work, different statistical glycol-dithiocarbamate copolymers were prepared and used to functionalize gold nanoparticles on the surface, which were further coupled with gold(I) triphenylphosphine as an anticancer agent. Among these glyconanoparticles, the galactose-functionalized ones were found to be 4-fold more cytotoxic to HepG2 cells, in comparison with glucose and lactose functionalized particles. Sialic acid is a monosaccharide, which is widely distributed in animal tissues and mostly bound in the form of glycoproteins. 117 It plays an important role in recognition and communication with the immune system, [118] [119] [120] which is also proven by the fact that red blood cells without sialic acid on the surface are immediately removed from blood by the MPS. 86 Ketone-functionalized sialic acid is reacted with aminooxy-functionalized quantum dots, namely phosphorylcholine self-assembled monolayercoated quantum dots (PC-QDs), and their in vivo half-life times are extended compared to quantum dots functionalized by other monosaccharides (Table 1 , entry 4b; and Fig. 3 ).
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Sialyl-Lewis x is very important antigen for blood groups; it is displayed on the terminus of glycolipids that are present on the cell surface, has been used to functionalize superparamagnetic silica nanoparticles (Table 1 , entry 4c), with the functionalization strategy shown in Fig. 4 . These nanoparticles have diameters of around 18 nm and carry NH 2 -groups. 121 Subsequent functionalization of these particles with an NHS-ester allows coupling to amino-functionalized Sialyl-Lewis X . The obtained glycosylated nanoparticles bind specifically to the inflammation-associated endothelial transmembrane proteins E and P selectin, both cell adhesion molecules. In vivo studies have shown an accumulation in the brain vasculature by measuring the relaxation time of the nanoparticles via MRI. 121 Lactobionic acid (4-O-b-D-galactopyranosyl-D-gluconic acid, (Table 1, entry 6)) specifically bind to hepatocytes. 122 Thiolated lactobionic acid was used to functionalize block copolymers, which were prepared by the ring-opening copolymerization of e-caprolactone and a pyridyl disulfide containing cyclic carbonate, followed by post polymerization modification with thiolated lactobionic acid via the thiol-disulfide exchange reaction. The post-modified block copolymers then self-assembled into micelles with lactobionic acid on the surface. These micelles were shown to target liver cancer through asialoglycoprotein receptors (ASGP-R). Furthermore, the saccharide shells are cleavable under a reductive environment mimicking the interior of a cell. Rhamnose is a mannose-related 6-deoxy hexose which naturally occurs in the L-form. It is found mainly in bacteria and plants and is often present in the cell walls and is essential for the survival of bacteria. 123 Phosphonated rhamnose has been prepared ( Table 1 , entry 7) and anchored to magnetic nanoparticles through the strong binding of phosphonate groups to metals. The rhamnose-functionalized magnetic nanoparticles exhibited the targeting effect on human skin cells. Since the iron oxide nanoparticles are superparamagnetic, they can be used as MRI contrast agents with specific cell targeting. 47 Bleomycin (BLM, Fig. 5 ), a glycopeptide-type antibiotic, has strong antitumor abilities and is used for the treatment of malignant lymphomas and squamous cell carcinomas. 124, 125 Additionally, BLM also has shown a specific tumor cell targeting effect, and hence has been used for tumor imaging. 126 In order to understand the origin of the tumor targeting effect, it has been split into the BLM-analogue deglycobleomycin (devoid of the disaccharide moiety) and the disaccharide moiety itself. The difference in the ability for specific tumor targeting of these two derivatives has been investigated, and the disaccharide motif was found to be responsible for selective binding to MCF-7 human breast carcinoma cells and BxPC-3 pancreatic cancer cells, while having their healthy counterparts not being targeted. 127 In contrast, deglycobleomycin (Bleomycin without the disaccharide moiety) did not show any specific targeting. Furthermore, after coupling of the disaccharide moiety to the surface of microbubbles (Table 1 , entry 8), which consist of an empty core and a lipid shell, and originally used as contrast agents for ultrasonography, 128 specific targeting of MCF-7 human breast carcinoma cells has been observed. Furthermore, the subsequent study verified that it is a single sugar unit from this disaccharide, namely the carbamoylmannose moiety, which is responsible for the tumor cell specific targeting effect. 129 Trehalose (a-D-glucopyranosyl-(1 -1)-a-D-glucopyranoside) is composed of two a-glucose units which are linked by an a,a 0 -1,1-glucosidic bond. It is widely found in animals, plants, and microorganisms. It is the blood-sugar of many insects, including locust, butterflies and bees. It is believed to transfer into a gel phase under dehydrating condition, protecting the cell internal organelles and hence the whole cell against desiccation. 13 A monomer, namely methacrylamido trehalose (Table 1 , entry 9) was polymerized followed by chain extension with aminoethyl methacrylamide (AEMA). The obtained polymer was used to complex siRNA with polyplexes which carry trehalose on the surface. These polyplexes show high stability in the presence of high salt concentrations and serum proteins and are specifically internalized into a brain tumor cell line (U-87 cells) as can be seen in Fig. 6 .
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Starch is a polysaccharide with glucose as the monomer, which is coupled via glycosidic linkages. Two forms of starch are found in nature: amylose, a linear and helical polysaccharide with a-1,4-glycosidic bonds, and amylopectin, a branched poly(glucose) with 1,4-and 1,6-glycosidic bonds. It is the energy storage medium of green plants and the most common carbohydrate in human diets. 139 The sugar part of glycogen, as another glucose polymer, is used to store glucose in animals with a similar structure to amylopectin, but with a higher degree of branching. Starch is used as the stabilizer during preparation of copper nanoparticles, while ascorbic acid is used as the reducing agent, and copper nitrate as the source of copper (Table 1 , entry 10), which will result in starch-functionalized copper nanoparticles with a reduced toxicity, while retaining high antibacterial potential against both gram negative and gram positive strains. 131 Hydroxyethyl starch. For some applications, the degradation kinetics of starch is too fast; starch is rapidly hydrolyzed by plasma amylases. In order to balance the biodegradability and stability, hydroxyethyl starch (HES) was introduced. It is prepared by ethoxylation of the hydroxyl groups with ethylene oxide, resulting in decreased biodegradation kinetics. The degree of hydroxyethyl-substitution is expressed by the molar substitution, which is the mean number of hydroxyethyl groups per glucose unit, and ranges between 0 and 3. The higher the molar substitution, or the higher the C2/C6 ratio of hydroxyethylation, the lower the rate of metabolization. 80 Moreover, HES exhibits low hypersensitivity 80 and depressed protein adsorption [20] [21] [22] 82 rendering it an interesting substitute for PEG for the preparation of stealth nanocarriers. HESylation of proteins and nanocarriers is of high potential as future drug delivery vehicles as it combines adjustable degradation with stealth properties. 140 HES with different molecular weights and degrees of substitution were coupled to poly(ethylene imine) via Schiff base formation and reductive amination (Table 1 , entry 11). Subsequent complexation of the polymer with DNA generated so called DNA-polyplexes, which presented HES on their surface. These polyplexes proved to exhibit stealth properties, as the nanocarrier is protected against a-amylase. The effect of deshielding is also affected by the degree of substitution of HES, as can be seen in Fig. 7 . 23, 24 Chitosan is a linear cationic polysaccharide, mainly prepared from the shells of shrimps or other crustaceans, composed of randomly distributed N-acetyl-D-glucosamine (acetylated unit) and glucosamine (deacetylated unit), with the ratio being referred to as the degree of deacetylation. 141 Due to the cationic charges of chitosan, it can be electrostatically anchored onto the surface of anionically charged polymers or particles, such as poly(lactic-coglycolic acid) nanoparticles (Table 1 , entry 12a). Compared to the unmodified nanoparticles, the chitosan-coated particles showed a significant increased (45-fold) uptake by MCF-7 cells, and the proapoptotic effect of chitosan providing synergistic cytotoxic activity to docetaxel, an anti-mitotic chemotherapeutic. 132 In another work, chitosan was adsorbed to the surface of nanoparticles, which were formed by the self-assembly of hyaluronic-paclitaxel conjugates, by electrostatic interaction (Table 1 , entry 12b). This enables the protection of the ester bond between hyaluronic acid and paclitaxel at acidic pH, and allows a controlled in vitro release of paclitaxel from the nanocarrier, which makes it suitable for oral administration. 133 Nanoparticles based on effective Au and Ag photothermal transducers can be used to trigger localized hyperthermia of tumors. Chitosan has been used for the surface functionalization of silver nanoparticles (Table 1 , entry 12c), and gold nanoparticles ( Table 1 , entry 12d). To a mixture of aqueous solutions of trisodium citrate, ascorbic acid, chitosan, and preformed Ag nanoparticles, a solution of AgNO 3 was added dropwise, and chitosan surface functionalized Ag nanoparticles are obtained. These Ag nanoparticles show a lower toxicity compared to PEGylated gold nanorods, which are common hyperthermia agents. 134 Ethylene glycol-modified chitosan is used as the reducing agent to produce gold nanoparticles along the polymer chain by reducing gold(III) chloride trihydrate in situ, as can be seen in Fig. 8 . The obtained gold nanoparticles exhibited stealth properties, enhanced stability and tumor targeting ability. 135 Gum Arabic is the dried gum of acacia tree branches and stems. As a mixture of polysaccharides and proteins, it is mainly composed of galactose (44%), rhamnose (13%), arabinose (27%), glucuronic acid (16%) and peptides (2-3%), 142 and possesses excellent emulsifying properties. 143 Gum Arabic capped gold nanoparticles (GNP) have been prepared by using the leaf extract of Vitex negundo as a reducing agent and gum Arabic as a capping agent. 144 Epirubicin was encapsulated in the GNP, while the surface of the GNP was functionalized by folic acid. These GNP showed increased stability at pH 7.4, together with enhanced cytotoxicity against A549 cells in comparison to free epirubicin. In another work, in vivo studies of gum Arabic functionalized GNP resulted in significant alterations in lung tumors in mice upon laser irradiation, including cyto-toxicity, apoptosis, decreased inflammation and angiogenesis, and enhanced lipid peroxidation. 145 Hyaluronic acid is a polysaccharide distributed widely in all tissues and body fluids of vertebrates and is most abundantly found in the connective tissues, serves many physiological functions, including lubrication, filtering, water homeostasis, and regulation of plasma protein distribution. It is metabolized by receptor-mediated endocytosis, and subsequent lysosomal degradation. 146 Hyaluronic acid was conjugated with branched poly(ethylene imine) via reductive amination (Table 1, entry 13a) . Then, the polymer was self-assembled into micelles which were surface-modified by hyaluronic acid and showed increased transfection efficiency and decreased cytotoxicity. 136 A reconstituted high density lipoprotein loaded with lovastatin (a statin which blocks the de novo-synthesis of cholesterol) was functionalized by hyaluronic acid (Table 1 , entry 13b), through electrostatic adsorption of hyaluronic acid to a cationic lipid core of the nanoparticle. After surface-modification, the nanocarrier has lower accumulation in liver and a better atherosclerotic lesion targeting efficiency, and efficiently suppressed the advancement of atherosclerosis. 137 Dopamine coupled hyaluronic acid has also been used to surface functionalize a gold nano-cage (Table 1 , entry 13c), as can be seen in Fig. 9 . The hyaluronic acid layer can seal the nanoporous in the gold nanocage to protect the encapsulated dopamine, while the interaction between hyaluronic acid and the excess CD44 acceptors on the cancer cells can lead to specific cellular internalization of the nanocage. 138 After the functionalized gold nanoparticles enter the lysosomes, the degradation of the hyaluronic acid layer in situ will result in the release of the payload, furthermore, the release can be accelerated upon near-infrared (NIR) irradiation.
Carbohydrate-constructed nanocarriers
Due to their outstanding biocompatibility, biodegradability, high diversity of chemical functionalities, and versatile biological functions, carbohydrates are also useful for the construction of nanocarriers in biomedical applications. Amphiphilic dendrimers carrying both long alkyl chains and mono-or disaccharides as the hydrophilic part (Table 2 , entry 1a, 2 and 3 with mannose, galactose, and lactose, respectively) can be formulated into vesicles by the addition of their THF or ethanolic solution into water. So called ''glycodendrimersomes'' (Fig. 10) are generated via the self-assembly of the amphiphile. They exhibited multivalent binding with lectins from both plants and humans. 147 Apart from self-assembly, emulsion techniques are interesting and versatile methods for the in situ formation of carbohydratebased nanocarriers: nanocapsules can be prepared in an inverse miniemulsion (i.e., a stable dispersion of water droplets in an organic solvent, compare Fig. 11 ) by the polyaddition of the sugar-hydroxyls (dissolved inside the aqueous droplets) at the interface to strong electrophiles. Mannose-nanocapsules were prepared by the polyaddition of mannose to toluene diisocyanate (TDI) which occurs exclusively at the interface of a water-in-oil miniemulsion (Table 2 , entry 1a). By the inverse miniemulsion technique, hydrophilic guests can be encapsulated with high efficiencies in the aqueous core of the capsule if they do not take part in the polyaddition reaction. After intravenous injection mannose nanocapsules are preferentially deposited in the lungs. 148 Water-soluble potato starch has been used to prepare nanocapsules (Table 2 , entry 7a) by the above mentioned inverse miniemulsion technique, while silver nanoparticles were generated in situ in the core to serve as an antibacterial agent. 150 HES with a molecular weight of M w = 200 000 g mol À1 and a degree of substitution of 0.5 has also been used to prepare nanocapsules through the inverse miniemulsion technique. The obtained HES nanocapsules showed a suppressed uptake into HeLa cells 85 and a preferential deposition in the liver (Table 2 , entry 9). 148 The in vivo plasma half-life times of the HES nanocapsules obtained by this strategy can be further tailored by different surface functionalization methods. PEGylation of the capsule surface by isocyanate-terminated PEG results in increased plasma half-life times with 20% and 5% of the nanocapsules remaining in the blood plasma after 24 h and 72 h, respectively. 151 Despite the straightforward reaction setup, this strategy has limited feasibility, when used to encapsulate and protect pharmaceutical agents, which often contain nucleophiles like amines, thiols, or alcohols, and consequently will participate in the polycondensation reaction with the diisocyanate electrophile. Recent work presents strategies to use bioorthogonal reactions to generate the nanocarriers allowing the encapsulation of more complex molecules.
Two different strategies have been developed to meet this demand so far. In the first strategy, the copper-catalyzed azidealkyne cycloaddition (CuAAC) is utilized in an oil-in-water miniemulsion: an aqueous solution of azide-functionalized sucrose and a miglyol solution of a dialkyne (bis-(propargyloxy)-butane) as the oil phase were allowed to react at the interface of surfactant-stabilized hydrophobic droplets. 152 Sucrose was functionalized with azide groups under Mitsunobu conditions ( Table 2 , entry 5). The obtained nanocapsules have a diameter below 200 nm, and a core filled with miglyol, as can be seen in Fig. 12 , allowing loading of the nanocarriers with hydrophobic molecules. However, the removal of the copper catalyst may be problematic with this protocol and copper-free click chemistry could be used in future studies to prevent this, which has been demonstrated for non-carbohydrate systems in miniemulsion recently.
153
In the second strategy, olefin cross metathesis was carried out in a water-in-oil miniemulsion by the reaction of acrylated dextran dissolved in water droplets and dispersed in a cyclohexane solution of phenyldi(undec-10-en-1-yl)-phosphate as the oil phase (Table 2, entry 6). 154 The TEM and SEM images of the obtained capsules can be seen in Fig. 13 . The ruthenium catalyst for the olefin metathesis can be easily removed by centrifugation as it is only soluble in the continuous (outer) phase. These nanocapsules offer the possibility to be degraded by enzymes that cleave dextran or the phosphate crosslinkers and in addition by pH changes due to ester cleavage. Another emulsion technique has been used to encapsulate hydrophilic guests (e.g. proteins) into inverse micelles of trehalose (Table 2 , entry 4 and Fig. 14) : dioctyl sodium sulfosuccinate (AOT) is dissolved in isooctane as the oil phase, while different proteins are dissolved together with trehalose in the water phase. After mixing of the two phases, stable water-in-oil micelle dispersions will be obtained, which can be subsequently freeze-dried by flashfreezing, and result in AOT-coated sugar-glass nanoparticles. The surfactant coating on the nanoparticle surface provides colloidal stability in organic solvent-polymer solutions. The trehalose, which transfers into the gel phase under dehydrating conditions, protects the cell internal organelles and hence protect the cells in desiccation and serves to protect the protein from chemical and physical degradation during storage. 155 Multilayered polysaccharide vesicles are generated from starch as the core and hyaluronic acid (HA) as the shell (Table 2 , entry 7b). The hydroxyl groups of starch were activated by succinic anhydride and then reacted with an excess of cysteamine by Steglich esterification (i.e. N,N-dimethylamino pyridine (DMAP), dicyclohexyl carbodiimide (DCC), and N-hydroxy succinimide (NHS) in dimethyl sulfoxide (DMSO)) to produce amino-functionalized starch with additional disulfide bonds. The amines were then reacted with the activated ester groups of HA. Rehydration of a thin film of this core-shell HA-starch conjugate in PBS will result in self-assembled nanoparticles with a starch core and a hyaluronic acid shell, which are subsequently treated by amylase, and result in vesicles with a hollow inner core in the end. Proteins/peptides can be encapsulated in these vesicles, when they are dissolved in the PBS buffer used. In addition, the enzymatic degradation of the HA shell by hyaluronidase (HYAL) enzyme contributed to accelerate the release of the payload. 156 In another work, starch modified with ammonium groups is complexed with siRNA by electrostatic interaction to self-assemble into nanocarriers (Table 2 , entry 7c), the starch can protect the siRNA from enzymatic degradation on its delivery route. It has high cellular uptake into a human ovarian adenocarcinoma cell line and efficiently induced P-glycoprotein (P-gp) gene silencing. 157 Antibacterial nanodevices are interesting for coatings and wound dressings if the release of antibacterial agents can be triggered by the presence of bacteria. HA-nanocapsules (Table 2 , entry 8a) containing the antimicrobial agent Polyhexanide were prepared by the interfacial polycondensation with TDI in an inverse miniemulsion. They can be specifically cleaved in the presence of the enzyme hyaluronidase, a factor of pathogenicity and invasion for bacteria like Staphylococcus aureus and Escherichia coli.
149
Hyaluronan-cholanic acid conjugates (HA-CA conjugates) were synthesized by the chemical conjugation of the hydrophobic bile acid (a steroic acid) to the hydrophilic HA backbone through amide formation (Table 2, entry 8b, Fig. 15 ). The amphiphilic HA-CA can self-assemble into nanoparticles and can be loaded with doxorubicin and camptothecin, both of which are strongly cytotoxic compounds, and exhibited an efficient intracellular uptake into SCC7 cancer cells. The size of the nanoparticles was varied between 200 and 400 nm by varying the degree of substitution. Enzyme-triggered drug release was induced by the enzyme Hyal-1, as can be seen in Fig. 16 . [158] [159] [160] [161] Esterification between hyaluronic acid and paclitaxel, a mitotic inhibitor used in cancer chemotherapy, was conducted via dicyclohexyl carbodiimide (DCC) coupling in anhydrous DMSO (Table 2 , entry 8c). These conjugates then self-assemble in water to nanoparticles, which demonstrated higher cellular uptake than free paclitaxel against HepG2 cells, a human liver carcinoma cell line. The oral administration of these nanoparticles can result in remarkable accumulation of paclitaxel into the tumor (Fig. 17) . 133 Amphiphilic hexadecylated polysaccharides were synthesized (Table 2, entry 8d) and self-assembled in water into nanoparticles. Doxorubicin can be encapsulated in these nanoparticles, which showed specific binding with CD44 over-expresseing cancer cells. Higher therapeutic potential in the presence of a green tea polyphenol, epigallocatechin-3-gallate, was also observed for this nanoparticle system. 162 Other polysaccharides like cellulose and chitin, which intrinsically are water insoluble, have also been used to construct nanocarriers. In some cases, their water solubility has been increased by chemical modifications, for example, carboxymethylation. Carboxymethyl cellulose has been conjugated with docetaxel and poly(ethylene glycol) through acetylation, self-assembled into nanoparticles, which was stable against dilution, and induced significantly higher toxic effects against EMT-6 murine mammary carcinoma cells and murine Pan02 tumors cells. 163 Carboxymethyl chitin nanoparticles have also been prepared by crosslinking of the polysaccharide with CaCl 2 and FeCl 3 . 164 The obtained nanoparticle showed anti-bacterial activity by itself, and a sustained and controlled release of the payload. While different functions are enabled by cellulose and chitin, the intrinsic low water solubility and poor bio-degradability in animals rendered them to be used more as wound dressing, scaffolds for tissue engineering and medical implants, which is 
Summary and outlook
This review summarizes current approaches on the use of (poly)saccharides in nanometer-sized drug delivery systems. Two major strategies have been discussed: (a) the surfacefunctionalization and (b) the construction of nanocarriers with/from carbohydrates. In summary, functionalization of nanocarriers with mono/ oligosaccharides has proven to show the following advantageous properties:
(i) specific targeting to different cell types; 43, [45] [46] [47] 127, 130 (ii) diagnostics and differentiation of healthy and malignant population of the same cell type; 18, 127 (iii) protecting the payload 130 and prolonged in vivo plasma half-life time (due to reduced protein adsorption); 87 (iv) controlled release of a payload by specific protein interaction; 44 (v) competing with and inhibiting the binding of other saccharide containing bacteria, virus, or pathogen with the corresponding cells. 42 For nanocarriers that are functionalized with poly-(saccharide)s are:
(i) protecting the payload 133 and increasing the plasma halflife times; 23, 24, 137 (ii) specific targeting; 132, 136, 137, 167 (iii) enzyme-induced release or activation of a therapeutic agent; [23] [24] [25] [26] [27] (v) decreased toxicity of the payload; 131, 134, 136, 167 (vi) kinetics of metabolization are tunable by chemical functionalization to balance biocompatibility and stability. 23, 24 As carbohydrates are omnipresent as functional surface coatings in nature, their use in biomedical applications is obvious. They have been used to construct nanocarriers, which enable the encapsulation and protection 155, 157 of different (mainly) water-soluble guests, 85, [148] [149] [150] [158] [159] [160] [161] [162] while maintaining the biological properties such as specific targeting, 133, 147, [158] [159] [160] [161] [162] 168 suppressed unspecific cell uptake, 85 and enzyme-triggered release. 149, 156, [158] [159] [160] [161] In addition, the inherent high chemical functionality of different polysaccharides (mainly: hydroxyls, carboxylic acids, amines) allows straightforward crosslinking or on top functionalization of these molecules which are often major factors for their application compared to synthetic macromolecules. However, it always must be considered that the molecular weight distributions of these biopolymers are typically rather broad, making fractionation necessary in some cases. Nevertheless, due to the biodegradability of polysaccharides, their non-uniform molecular weight might not be too problematic for nanometer-sized drug delivery devices, however, the toxicity after any chemical modification and also that of the degradation products after chemical modification need to be considered. A major feature of all nanocarriers, either modified or constructed of carbohydrates is their low protein interaction: the high level of hydrophilicity induces for many of them a ''stealth'' behavior, and the unspecific cell uptake due to opsonization is low. Furthermore, targeting is achieved by carbohydrates in multiple cases. This behavior plus the inherent biodegradability makes carbohydrate-based nanocarriers a high potential platform for developing the ''magic bullet'' that was coined by Paul Ehrlich more than 100 years ago and makes research in this direction promising for many scientists. It is certain that several new developments in treating diseases or enabling sophisticated diagnostics will rely on carbohydrates in the future.
